Oil-contaminated water caused by either oil spill disasters or industrial disposal has posed a global risk to environmental sustainability and human health. To address the ever-growing need for highly efficient separation of oil/water mixtures, nanostructured TiO 2 /CuO dual coatings were fabricated on the copper mesh by a combination of electrochemical anodization and layer-by-layer self-assembly deposition to render its surface with superhydrophilic, underwater superoleophobic and self-cleaning functionality. Cu(OH) 2 nanoneedle arrays (NNA) were vertically grown from the copper mesh surfaces by electrochemical anodization processes, followed by the deposition of TiO 2 multilayer on the Cu(OH) 2 NNA via layer-by-layer assembly prior to being calcinated to form TiO 2 /CuO dual coatings. The 
Introduction
With the frequent occurrence of oil spill accidents during offshore oil production and transportation and the increasing release of oily industrial wastewater, as well as the resulting tougher regulation regarding oily industrial wastewater discharge, oil/water separation has become a global challenge for the protection of environmental sustainability and aqueous ecosystems [1] . Various strategies, such as oil skimmers [2] , air flotation [3] , gravity separation [4] , oil-absorbing materials [5] , coagulation [6] and flocculation and coalescence [7] , have been proposed to accomplish oil/water separation for the mitigation of environmental damage by oily wastewater. However, these conventional methods are limited by their low separation efficiency, high energy consumption, complex separation process and secondary pollution [8] . It is, therefore, of great importance to develop an alternative highly efficient and low-cost approach to address the ever-growing need for oily wastewater treatment.
Due to different interfacial effect of oil and water, advanced materials with preferential wettability towards oil or water are considered to be more effective and more advantageous alternative approach for overcoming this knotty issue over last decades. Various superwetting materials with superhydrophobic or superoleophobic surfaces, fabricated by chemical etching [9, 10] , electro-spinning [11, 12] , chemical vapor deposition [13] , graft polymerization [14] , self-assembly [15, 16] , and hydrothermal synthesis [17] , have been extensively employed in industrial oily wastewater treatment. These superwetting materials are generally classified into oil-loving and water-loving materials [18] . It has been widely recognized that the oil-loving (i.e. superhydrophobic-superoleophilic) materials are readily subject to some intractable problems, such as easy fouling or even blocking up by oils, quick decline of permeation owing to oil adsorption and pore plugging by oil droplets, difficulty in cleaning and recycling, and secondary contamination to environments during the post-treatment process [19] . On the contrary, water-loving (i.e.
superhydrophilic and underwater superoleophobic) materials have been demonstrated advantages of high separation efficiency and filtration flux, low oil fouling, and easy recycle for oil/water separation in recent years, hence they have gained considerable attention as novel superwetting materials to replace of oil-loving type of materials.
As the wettability of a solid surface is governed by chemical compositions and geometrical structures, superhydrophilic and underwater superoleophobic materials are generally fabricated by creating hierarchical micro/nano-structures on hydrophilic substrates [20] , or by surface modification of an appropriate rough surface with hydrophilic materials. Surface modification of metal meshes can be accomplished by either grafting of hydrophilic polymer coatings or deposition of inorganic materials coatings [20] [21] [22] . The hydrophilic polymeric coatings grafted on the metal meshes are found susceptible to degradation or swelling behaviors under harsh environments, Meanwhile, inorganic material coatings formed on metal mesh by hydrothermal-based synthesis [17, 23, 24] or electro-deposition [25] [26] [27] are virtually not suitable for practical applications, because of difficulty in large-scale production, toxic or expensive reagents, and uncontrollable geometric structures [20] . In contrast, electrochemical anodization provides a promising alternative approach to produce well-ordered nanostructures over large areas due to the featured advantages of simple operation, low cost, and easy scale-up for practical applications [28] . Although this methodology has been reported to be liable to cause damage of substrates [29] , its noticeable advantages is to precisely control surface morphology and thickness of oxide films by varying electrolytes, current density, temperature and reaction time. In the mean time, the adhesion of anodic oxide film on copper meshes has also been found more stable and robust than that of most types of oxide layers by chemical etching [30] , which make them less likely to crack and to peel from aging and wear.
However, to the best our knowledge, few studies have been documented to fabricate superwetting metal meshes using electrochemical anodization for oil/water separation.
The main concern of hydrophilic or superhydrophilic separation materials in oil/water separation application is that they are readily susceptible to contamination by low surface-energy substance such as oil owing to their intrinsically high surface energy [31] . Once adsorbed, these low surface-energy oils are difficult to remove or dislodge, and cause the loss of wetting behaviors of these separation materials, thus resulting in the substantial decrease in their separation efficiency of oil/water mixtures.
Enlightened by the excellent of optical and photo-catalytic properties of Accordingly, the purpose of this study is to fabricate self-cleaning underwater superoleophobic nanostructured TiO 2 /CuO dual-coated copper meshes by the combination of electrochemical anodization and layer-by-layer (LBL) self-assembly deposition for highly efficient oil/water separation. As schematically illustrated in Figure 1 , Cu(OH) 2 nanoneedle arrays (NNA) were first fabricated on the surfaces of copper meshes by electrochemical anodization, followed by deposition of TiO 2 multilayer by using LBL self-assembly onto the Cu(OH) 2 NNA coatings, and finally calcinated to form TiO 2 /CuO dual-coated copper meshes. Success in each fabrication step was ascertained by scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS), X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), dynamic water contact angle and underwater oil contact angle measurements. The as-fabricated TiO 2 /CuO NNA dual-coated copper meshes were investigated to determine their separation efficiency and water flux of various oil/water mixture, and to evaluate the self-cleaning ability towards contaminated copper meshes under UV illustration. With the inherent good stability and durability, high separation efficiency and self-cleaning ability of the metal meshes, the current methodology potentially contributes to the development of advanced superwetting materials for practical oil/water separation applications. (Shanghai, China). Ultrapure deionized water from an Ulupure-II-20T water system (Chengdu, China) was used throughout the whole experiments.
Experimental

Preparation of Cu(OH) 2 nanoneedle arrays on the copper meshes.
The copper meshes were trimmed into the dimensions of 8 cm in length and 6 cm in width, followed by ultrasonically degreasing in acetone, isopropyl alcohol, ethanol and deionized water, in that order for 15 min each, and were finally immersed in a 2 mol L -1 HCl aqueous solution for 30 min to remove the oxide layer to obtain a clean and oxide-free surface of copper mesh. The preparation of Cu(OH) 2 nanoneedle arrays (NNA) films were accomplished by electrochemical anodization using a similar procedure as described in our previous studies [30] . Briefly, the pretreated copper mesh was used as working (anode) electrode with a surface area of 36 cm (VG Scientific, East Grinstead, UK) with a monochromatic Al Ka X-ray source (1486.6 eV photons) using procedures described in detail previously [36] . XRD patterns of the CuO NNA and TiO 2 /CuO NNA were examined by an X-ray diffractometer DX 2700 model (Haoyuan Instruments Co., Dandong, China) with Cu
Kα radiation (λ = 1.5418 Å) to ascertain the crystalline structures. The UV-visible spectra and Tauc plot of the TiO 2 *15 LBL/CuO NNA dual-coated copper meshes were measured by a UV-VIS-NIR spectrophotometer (UV3600, Shimadzu Co. Japan).
The measurements of water contact angle (WCA) (3 μL) and oil contact angle (OCA) (3 μL) were performed on a contact angle goniometer (DM-501, Kyowa Interface Science Co., Saitama, Japan). An average contact angle value was obtained by measuring the same meshes at three different positions.
Oil/water separation experiments.
The oil/water separation performance of the TiO 2 *15 LBL/CuO NNA dual-coated copper meshes was determined by the gravity-driven oil/water mixture separation experiments. Oil/water mixture was prepared by mixing water and kerosene in a volume ratio of 1:1 (v:v), and was used for the separation experiments.
For convenience, oil was stained red using oil red. Other low and high density oil/water mixtures, including hexane/water, isooctane/water and olive oil/water, were also used for separation experiments. Typically, the as-prepared copper mesh was fixed between two glass vessels with a diameter of 39 mm. After the mesh was pre-wetted by deionized water, an aliquot 2000 mL of oil/water mixture was poured onto the copper meshes, and the separation was achieved by water rapidly flowing the mesh and oil being intercepted to retain above the mesh. The whole separation process was driven solely by gravity and ended in several seconds. The filtrate water was collected and the residual oil content in the filtrate was determined by measuring COD on a COD-571 spectrophotometer (INESA Scientific Instrument Co., Shanghai, China). The conventional potassium dichromate method was adopted to determine the COD values of the residual oil in filtrate water. The separation experiments on the TiO 2 *15 LBL/CuO NNA dual-coated copper meshes was repeated for at least three times until the COD values underwent a dramatic increase. Detailed procedures in the COD measurement were described in the Electric Supplementary Information (ESI S1).
The water flux of the as-fabricated copper meshes was calculated from the volume of the permeation in unit time using the following equations:
Where V is the volume of the permeation (kL), A is the effective filtration area of the copper meshes (m 2 ), and t is the filtration time (h). The optical images and video of the oil/water separation process were also recorded to ascertain qualitatively the separation ability of copper meshes.
2.6
The self-cleaning and stability of the TiO 2 /CuO NNA dual-coated mesh.
To ascertain the self-cleaning ability of the TiO 2 /CuO NNA dual-coated copper meshes, the TiO 2 *15 LBL/CuO NNA dual-coated copper meshes were contaminated by continuously performing kerosene/water separation until the COD values in filtrate water underwent a dramatic increase. Then, the contaminated meshes were washed by deionized water and dried by blowing pure N 2 stream prior to the water contact angle measurement. The kerosene-contaminated meshes were finally subject to UV illumination on a photochemical reactor equipped with a 500 W mercury light (CEL-LAM500, CEAULIGHT, Beijing, China) for a predetermined time, and the water contact angles in air were measured at predetermined intervals to evaluate the self-cleaning ability of the coated meshes, as well as to determine the optimal exposure time. The regenerated copper meshes were reused for the oil/water separation experiments, and the COD values in filtrate water were measured to assess the oil/water separation efficiency and the ability of recycle usage. In addition, the change in water contact angle and underwater oil contact angle of the coated copper meshes were recorded as a function of exposure time in deionized water to evaluate the stability and durability of the nanostructured TiO 2 /CuO NNA dual-coated copper meshes.
Results and Discussion
SEM images of Cu(OH) 2 NNA surface.
The formation mechanism of Cu(OH) 2 into CuO by annealing dehydration treatment [30] . Thus, the nanostructured TiO 2 /CuO NNA dual-coated copper meshes with desirable superhydrophilicity, underwater superoleophobicity and self-cleaning ability have been successfully fabricated. Detailed characterization of the as-fabricated copper meshes by SEM-EDX, XRD and XPS are discussed below.
SEM imaging and EDS spectra.
The change in surface morphology as a function of LBL-deposited TiO 2 layers was determined by SEM imaging. endow the as-fabricated copper meshes with the photo-catalytic functionality to achieve self-cleaning ability, by which the oily contaminant can be photodegradated to recover superwetting surfaces of the as-fabricated copper for recycle use.
XRD pattern.
The most common forms of the prototypical photocatalyst C using a similar procedure described in our previous study. [30] As shown in Fig. 4a and CuO NNA dual coatings for desirable superwetting properties and photo-catalytic functionality.
XPS spectra.
The surface compositions were also determined by XPS characterization to ascertain the successful fabrication of nanostructured TiO 2 /CuO NNA dual-coated Cu meshes. (Fig. 5a ). The Cu 2p core-level spectrum of the TiO 2 *15 LBL/CuO NNA-coated Cu meshes can be curve-fitted into two peak components with BEs at 932.6 and 933.8 eV (Fig. 5c ), attributable to Cu and CuO species, respectively, indicative of the successful phase transformation of Cu(OH) 2 to CuO species upon the calcination treatment. This point is further confirmed by the presence of predominant oxide species (BE at 529.8 eV) on the curve-fitted O 1s core-level spectrum (Fig. 5b) . The curve-fitted Ti 2p core-level spectrum consists of a spin-orbit-split doublet with BEs at 458.8 and 464.3 eV, attributable to the Ti 2p 3/2 and Ti 2p 1/2 species, respectively. Thus, the successful fabrication of the nanostrucured TiO 2 /CuO NNA dual-coated copper meshes has been confirmed. non-polar oil phase [19, 23] . On the other hand, the triple-phase contact line (TCL) is discontinuous in this composite contact model, hence, the oil adhesion of the surface is extremely low and the oil droplets are able to readily roll off the surface.
Wettability characterization of TiO
Determination of oil/water separation performance
The nanostructured TiO 2 /CuO NNA dual-coated copper meshes have been demonstrated desirable underwater superoleophobicity and superhydrophilicity. A series of proof-of-concept studies were carried out to assess the separation capability of oil and water mixture. Fig. 8 shows the photographs of a separation process of kerosene-water mixture. The as-fabricated TiO 2 /CuO coated copper mesh is fixed at the middle of the customized funnel-shaped device (Fig. 8a) , and the mixture of kerosene (stained with oil red) and water (v:v, 1:1) is poured into the upper glass tube after the pre-wetting of the mesh with deionized water. The whole separation process is virtually completed instantly (refer to the Supplementary Movie S1). Meanwhile, this separation process is only driven by gravity, and no other external force is involved. Owing to the underwater superhydrophobicity of the as-fabricated mesh and the higher density of water than kerosene, the water in the oil/water mixture penetrates rapidly through the copper mesh into the beneath beaker, while the kerosene is repelled by the superoleophobic mesh to retain above the copper mesh (Fig. 8a) , thus resulting in the complete separation of water-kerosene mixture. It is clear that no visible oil is observed in the permeated water (Fig. 8b) . The separation of water-kerosene mixture by using a large piece of as-fabricated copper mesh is illustrated in Fig. S6 (ESI (Fig. 9a) . This result is probably ascribed to the increase in hierarchical roughness, and thus the increase in underwater superoleophobicity of the copper mesh. Taken together, except for rendering the self-cleaning ability, the LBL-deposited TiO 2 layers also facilitate the formation of rougher hierarchical structures for the enhanced underwater superoleophobicity, whilst the permeability of the copper meshes is not substantially compromised. Therefore, the TiO 2 *15 LBL/CuO NNA dual-coated copper mesh is chosen for the subsequent oil/water separation test.
A variety of oil/water mixtures, including hexane, isooctane, kerosene and olive oil, are used for separation test to determine the effect of oil types on the separation efficiency. As shown in Fig. 9b , the oil types have little effect on the water flux, as all the water fluxes of oil/water mixture flow remain higher than 85 kL·m -2 ·h -1 for these oil/water mixtures. The highest water flux of circa 115 kL·m -2 ·h -1 is achieved for the isooctane/water mixture. On the other hand, the oil residue content of different oil/water mixtures is much different from each other, since the oil residue content of hexane or isooctane/water mixtures is as low as less than 10 ppm, whilst that of the olive oil/water mixture is higher than 60 ppm. This result is probably associated with different polarity of these oils. Hexane and isooctane are good nonpolar organic solvents with the polarity close to 0 [34, [26] while olive oil contains copious amount of unsaturated aliphatic acids with high polarity, some of which might be soluble in water. [15, 40] Hence, the complex ingredients of olive oil result in the increase in oil residue content in the permeated water for the olive oil/water mixture separation. The oil residue content of kerosene/water mixture is less than 20 ppm (Fig. 9b) . Overall, these above oil/water mixtures have been efficiently separated by the TiO 2 *15 LBL/CuO NNA dual-coated copper meshes, indicating that the as-fabricated copper mesh has a wide range of applications.
3.5 Self-cleaning property of the nanostructured TiO 2 /CuO NNA dual-coated copper mesh.
Self-cleaning property is highly desirable for a separation mesh in order to realize recycling use and enhance its separation efficiency to oil-contaminated water.
It has been widely accepted that anatase TiO 2 materials are regarded as one of the most promising photocatalysts to degrade organic contaminants [41] . Under ultraviolet (UV) light illumination, photo-electrons and holes are generated on the TiO 2 material surface, which subsequently react with water and oxygen to give rise to highly reactive superoxide anions and hydroxyl radicals [42] . These highly reactive species are capable of decomposing organic contaminants and fouling species that are adsorbed on the surface of separation meshes [43, 44] . To evaluate self-cleaning ability of the as-fabricated copper mesh, the kerosene-contaminated TiO 2 *15 LBL/CuO NNA dual-coated copper meshes, which was obtained by continuous separation of kerosene/water mixture until dramatic increase in the oil residue content (COD value) and subsequently washed with copious amount of deionized water for 5 min, was subject to UV light illumination for a predetermined time (wavelength centered at 360 nm). The change in water contact angle in air with exposure time was recorded to determine the optimal UV illumination time, and the result is shown in Taken together, the as-prepared mesh exhibit higher photo-catalytic activity under UV illumination than under visible light illumination. Thus, the optimal UV-illumination time of the regenerated copper mesh is proven to be 120 min.
To further ascertain the separation efficiency of regenerated copper mesh, the as-fabricated copper mesh was continuously utilized for three times to separate kerosene/water mixture at a volume of 5 L at each time prior to being regenerated under UV light illumination. S11 . A strong absorbance peak before 300 nm regions (centered at 275 nm) is ascribed to TiO 2 UV absorption regions, while a minor peak in the wavelength range of 400 -500 nm indicates a noticing absorption of visible light (Fig. 11a) , which is probably associated with the CuO layers. [33, 45] Upon analyzing the absorption coefficients of the TiO 2 /CuO dual coatings by Tauc approach, which is the most widespread method to determine the optical properties of semiconductors, the direct band gap of the semiconductors are calculated by using the following equation [46] : (8) where α is the absorption coefficient, C is a constant, hν is the photon energy, and E g bulk is the band gap. As shown in Fig. 11b , extrapolation of the linear region gives rise to two absorption bands at 2.89 and 2.61 eV (Fig. 11b) The photographs were captured using high-speed photography with 33 ms per frame. Graphical Abstract Figure 12 
Highlights
• Well-ordered Cu(OH) 2 nanoneedle arrays (NNA) were grown on the copper mesh via anodization.
• Multilayer TiO 2 films were deposited on the CuO NNA-covered mesh via layer-by-layer self assembly.
• TiO 2 /CuO dual-coated mesh displayed superhydrophlicity and underwater superoleophobic properties.
• .As-fabricated mesh was demonstrated a high separation efficiency and excellent water flux.
• As-fabricated mesh exhibited good self-cleaning ability under UV illumination for recycle use.
